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ABSTRACT

Flash Flooding Events in South Central Texas. (August 1982)

Tom Wilson Utley, Jr., B.S., University of Utah

Chairman of Advisory Committee: Prof. Walter K. Henry

With the rapid increase in urban population and the intensifica-

tion of agricultural pursuits there is an ever increasing demand for

water in south central Texas. It is this demand which is the driving

force behind the increase in rainfall enhancement programs in this

region. The purpose of this research was to attempt to develop a

forecast technique which would identify those days when meteorological

conditions were favorable for flash flooding. Using this technique

persons engaged in rainfall enhancement hopefully could avoid the

potentially disastrous consequences of conducting rainfall enhanceFent

operations in association with damaging rainfall, flooding, and loss

of 1e.

This study examined 16 cases of flash flooding, reported in the

National Oceanographic and Atmospheric Administration Storm Data

publication, which occurred in the spring months of April through June

for the 8-year period from 1973 through 1980. The area studied was

bounded by the cities of Victoria, Del Rio, and Stephenville making a

nearly equilateral triangle in south central Texas. A synoptic analy-

sis indicated that all of the flooding events occurred with synoptic-

scale convective rainfall activity and that rainfall was reported in

the area for at least 48 hours prior to flooding. Synoptic analysis

failed to verify a "frontal" model. With the use of rawinsonde data
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ABSTRACT

Flash Flooding Events in South Central Texas. (August 1982)

Tom Wilson Utley, Jr., B.S., University of Utah

Chairman of Advisory Committee: Prof. Walter K. Henry

With the rapid increase in urban population and the intensifica-

tion of agricultural pursuits there is an ever increasing demand for

water in south central Texas. It is this demand which is the driving

force behind the increase in rainfall enhancement programs in this

region. The purpose of this research was to attempt to develop a

forecast technique which would identify those days when meteorological

conditions were favorable for flash flooding. Using this technique

persons engaged in rainfall enhancement hopefully could 3,void the

potentially disastrous consequences of conducting rainfa'l enhdncerent

operations in association with damaging rainfall, flooding, and loss

o f I i fe.

This study examined 16 cases of flash flooding, reported in the

National Oceanographic and Atmospheric Administration Storm Data

publication, which occurred in the spring months of April through June

fo;r the 8-year period from i973 through 1980. The area studied was

bounded by the cities of Victoria. Del Rio, and Stephenville making a

nearly equilateral triangle in south central Texas. A synoptiL analy-

sis indicated that all of the flooding events occurred with synoptic-

scdie convective rainfall activity and that rainfall was reported in

the area for at least 48 hours prior to flooding. Synoptic analysis

failed to verify a "frontal" model. With the use of rawinsonde data
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from Del Rio, Victoria, and Stephenville, facsimile charts, and rain

data, 18 meteorological elements were developed for statistical

analysis.

This analysis revealed a fair correlation between stability

indices and moisture content indicators, and the potential for flash

flooding. Decision logic tables were developed using linear regres-

sion equations in concert with rainfall information. When applied to

the 8-year data base and to flash flooding events which occurred in

1981 they proved to be excellent predictors. When compared to the

1981 National Weather Service Quantitative Precipitation Forecast

guidance they proved superior for operational use.
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1. Introduction

a. General

The southeastern section of the Edwards Plateau in Texas has widely

variable rainfall ranging from severe drought conditions to equally

devastating flash floods. The isohyets shown in Fig. 1 indicate an

increase in rainfall to the north and west of the Balcones Escarpment.

The headwaters of several rivers are located in this area as is the

Edwards Aquifer (see Fig. 2). The climatological evidence of increased

rainfall in this area, coupled with the rapid increase in urban popula-

tion and the intensifi:ation of agricultural pursuits makes this region

a prime target for rainfall enhancement operations.

b. Objectives

Any attempt to provide assistance to those engaged in weather

modification rust address times when cloud seeding should not be

attempted. The two most obvious sub-categories in this domain are:

(1) times when the atmosphere is so devoid of moisture that no amount

of seeding would produce significant precipitation, and (2) those

tics vhen conditions indicate the potential for damaging rainfall and

flash flooding. In the latter case the potentially calamitious con-

sequences of conducting rainfall enhancement activities in association

The citations on this and the following pages follow the style of
the Journal of Applied Meteorology.
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with damaging rainfall, flooding, property loss, and loss of life is

obvious. The objective of this research is to develop operational

criteria to forecast potential flash flood conditions.

c. The geographical area

The area is within a triangle with a rawinsonde station at each

vertex. The triangle is almost equilateral with each side approxi-

mately 400 km (see Fig. 3). Figure 3 also depicts the terrain, which

is near sea level at the southeast corner and rises to a height of

900 m along the westernmost leg. Figures 4, 5, and 6 show the

smoothed terrain along each leg of the triangle.

Details of the area are in Tables 1, 2, and 3.

d. Previous work

This research is a continuation of a precipitation study conducted

by Henry (198i). The objective of the Henry study was to examine upper

air conditions over the southeast portion of the Edwards Plateau in

Texas, and to determine which conditions correlated most closely to the

occ:irrence of rainfall. Henry used a modified Bellamy (1949) technique

and dat-e from three rawirsonde stations to compute a variety of meteoro-
1oqical e enent- (vorticity, convergence, vertical notion, etc.) over an

8-year period (1973-1980). Although the study produced useable guide-

lines for predicting periods when conditions were too dry for cost-

effective cloud seeding operations, more extensive study is required to

provide useable predictands for the cases where cloud seeding operations

i
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Fig. 3. The triangle formed by Del Rio, Stephenville, and
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meters and azimuth is from true North. (From Henry, 1981).
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TABLE 1. Station information for Del Rio, Stephenville, and Victoria
(from Henry, 1981).

Station Station Call Elevation
Name Number Letters (M) Latitude Longitude

Del Rio 72261 DRT 313 29022'N 100 055'W
Stephenville 72260 SEP 398 32 13'N 98011'W
Victoria 72255 VCT 36 28051'N 96055'W

The locations and elevations listed changed from year to year, but for
uniformality these values will be used.

TABLE 2. Description of triangle, length and orientation of side (from
Henry, 1981).

Stations Distance km Heading

DRT-VCT 383 2800 or 1000
DRT-SEP 404 2200 or 040'
SEP-VCT 390 3420 or 1620

Area 66551 km
2

Average elevation 289 m
Average terrain slope N-S from center south leg toward the north is 1:350.

TABLE 3. The cross-section alona the legs of the trianguflar study area
as shown in Figures 4, 5, and r (fronm Henry, 1981).

DRT-VCT DRT-SEP SEP-VCT

Average surface elevation, m 197 525 215
Area of air, surface to 1500 m,
r-2  499,049,000 393,900,000 500,955,000
Average height of air, surface
to 1500 mn, m 849 1012 858

Average pressure, surface to
1500 m in St. Atmos. mb 914 897 918

Average temperature, surface to
15O in in Std. Atmos. TC 9.5 8.4 9.5

In standa;-d atmosphere p kg m- 3 1.124 1.108 1.130
When T is 20C o kg m-3  1.086 1.069 1.091V ___________________________________

-
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should be curtailed due to the possibility of potentially damaging

rainfall.

There has been extensive research over the past several years on

the subject of flash flooding. In May 1978 and again in March 1980 the

American Meteorological Society hosted conferences on flash floods. At

the first conference Maddox and Chappel (1978) presented a paper

describing the meteorological aspects of 20 significant flash flood

events. The purpose of their study was to identify specific large-

scale patterns associated with intense precipitation, and to isolate

mesoscale features responsible for these events. The study consisted

of flooding cases which occurred during 1975 and 1976 in the United

States. The study included synoptic and stabiiity indices analysis

and produced a set of criteria corron to all events studied. Events

were "typed" as Meso High, Frontal, Western, East Slope, and Synoptic.

Maddox, Chappel, and Hoxit (i97) later completed a study of 150

inLense convective precipitation events which occurred from 1:"/3 to

1977. The events were classified according to four basic types and a

detailea description of the resoscale environment was given.

The synoptic envirorment of flash flood storms was studied by

Knowles and Jehn (1975), Huff (1978), and Chin and Hansen (1980).

Krowles' work stressed the use of synoptic climatology to forecast

precipitation events over central lexas. The Huff study examined

16 storms which produced flash flooding in Illinois during the period

1949-1968. The storms were divided into two categories based on

aerial extent with a small to medium group having areas of 6,500 km2

or less, while the large group consisted of storms encompassing areas

.. ... .
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6,500 to approximately 20,000 km2. Storms were then "typed" in a

fashion similar to the procedures used by Maddox and Chappel. Low-

and mid-level winds, moisture, stability, and antecedent rainfall

conditions were included in the synoptic analyses. The study con-

cluded that flash flood storms developed most frequently in an mT

airmass in a nonfrontal environment. Chin and Hansen conducted a

synoptic analysis of the devastating floods which occurred in Texas

in August of 1978 due to tropical storm Amelia. Changnon and Vogel

(1980) studied localized, small-scale, and intensive warm season

rainstorms. Their studies indicated a strong bias toward nocturnal

activity. Korty (1980) conducted an analysis of mesoscale systems

that produced flash flooding in east Texas and the lower Mississippi

Valley. In addition to confirming many of the general conclusions of

other researchers, he found that weak, mid-level shortwaves were an

influencing rchanism. He cited the inability of current nimerical

models to effectively predict system intensification, the lack of

nighttime observations, and the absence of definitive low-level

convergence as major obstacles to accurate prediction.

Although substantial research has been conducted on flash flood-

ing, few ot the conclusions are directly applicable to this study.

in general, synoptic analysis conducted by previous researchers was

,ar the period during, or within a few hours of the event's occurrence

rather than 12 to 36 h prior to the event as was the case in this

study. Studies conducted in significantly different geographical

areas and studies grouping storms from a wide variety of geographical

locations also had limited applicability. Obvious variations in

Il

- .~*;~--~-



topography weather regimes, time-of-year, and storm type limited the

validity of all but the most general conclusions.
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2. Data

a. Flash flooding events

An examination of National Oceanographic and Atmospheric Admini-

stration Storm Data publications for the years 1973 through 1980

revealed two distinct maxima of flash flooding events. One period

from April through June and another from August through October.

As there was strong evidence that the flooding during these periods

was caused by distinctly different atmospheric processes and, as the

April through June period produced a significantly greater amount of

events, it was selected for study. Sixteen cases of flash flooding

were studied (see Table 4).

b. Rawinsonde data

Rawinsonde reports fron Victoria, Del Rio, and Stephenville for

the times 0000 GMT and 1200 GMT were extracted from 35 mm filp. records

of the Northern Hemisphere Data Tabulations published by the National

Climatic Center (CC) for the years 1973 through 1978 inclusive. At

the tie cf this studj the 1979 and 1980 ddta were not available

from the NCC and were obtained from the archives of the Department of

Meteorology at Texas A&,'-! University. In 1973 the rawinsonde station,

then located in Fort Worth, Texas, movea to Stephenville. This change

nf location required an elevation correction to standardize the data.

Missing data were supplied when possible through the use of the NOAA

Climatological Data publication and archived teletype and facsimile
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TABLE 4. List of dates and locations of flash flooding events within

Victoria, Stephenville, and Del Rio triangle. Storm days

during the period April through June, 1973-1980.

# DATE COUNTY (GMT)

1. 15 April 73 Bexar 2300

2. 7 May 75 Bell 2300

3. 10 June 75 Bast )p, Caldwell, Travis 0120

4. 6 May 76 Bell 0100

5. 13 April 77 Corral 2140

6. 15 April 77 Kerr 0510

7. 9 May 77 Bell 2310

8. 10 April 78 Bexar 0700

9. 7 June 78 Bexar 0000

10. 1 June 79 Bell 1800

11. 5 June 79 Bell 1400

1z. 19 Ap-i1 79 Caldwell, Guadalupe, Kerr, Kendall 0240

13. 21 April 79 Bexar 0515

14. 13 iay SO Bell, Bexar, Travis, Burnet 1800

:5. 15 !-1i'y 80 Lampasas, Bell 1400

16. 21 June 80 Conal 1200
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data.

c. Rainfall data

Rainfall data were taken from the "Climate Summaries, Texas".

During the 8-year period a total of 80 stations reported. During any

one month, however, only about 70 stations reported. These were

reports of total daily rainfall and were taken once each day at

approximately 7:00 a.m. local time. Care was taken in the selection

of reporting stations to insure a fairly uniform areal distribution.

d. Facsimile data

National -eteorological Center facsimile charts were available

from the Department cf tMeteorology drchives. Surface, 850, 100, and

500 rib charts were the primary charts used in the analysis; however,

the Radar Summary, the four panel limited fine mesh (LFM) baroclinic

charts of 500 ,Tnb heights and vorticity, and the four- panel charts

vich Lifted Index, K Index. precipitable water, freezing level arid

averare relative huidity surfar-e to 500 mb also were used.
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3. Data Development

After a study of elements examined in previous research efforts,

eighteen elements were selected for this study (see Table 5).

a. Elements obtained directly from facsimile products included:

Lifted index (LI), K index (KI), precipitable water (PH20), and

mean relative humidity surface to 500 mb (RHSFC500) were read directly

from National Weather Service facsimile charts for edch of the three

stations and an average was used.

b. Elements obtained directly from rawinsonde data

Several elements were taken directly from the three rawinsondE

stations ard averaged. The elerents derived ir this in-iner w2re:

surface pressure, temperature and relative humidity, height of the

850 rrb surface and temperature, ieight of the 700 mb surface and the

700 nib temperature, height of the 500 nib surface and 500 mb tempera-

ture (T500), the 500 r.b relative humidity and relative humidity at

the Freezing level (RHFL). The elements followed by a contraction

wer,_ used directly in the analysis. The other elements were used to

csilculate advection, vorticity, and vertical motion.

c. Total Totals Index

The Total Totals Index (TTI) was computed for each rawinsonde

station using the following formula:
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TABLE 5. Meteorological elements used to determine the state of the

atmosphere prior to flash flooding events over South Central

Texas in a triangular area bounded by the cities of Del Rio,

Stephenville, and Victoria.

Element and contraction used in this study Units

1. LI - Lifted Index none

2. KI - K Index none

3. PH20 - Precipitable Water in.

4. RHSFC500 - Relative Humidity Surface at 500 mb %

5. T500 - Temperature at 500 mb C

6. TTI - Total Totals Index none

7. VtM850 - Vertical Motion at 850 nib m s-

8. VM700 - Vertical Motion at 700 nib m s-1

9. V /500 - Vertica7 PV.tiorn at 50 ) mb I S- 1

10. VORT850 - Vorticity at 850 mb s- 1

11. VORT70C - Vorticity at 700 b $-

12. VORT500 - Vorticity at 500 mb s- 1

13. ADVH-O - Moisture advected into the area from the

surface to 500 mb 9 S- 1

14. DVH 2 0 .- Moisture flux through the wall between Del Rio and

Victoria from the surface to 850 mb g s-1

15. DVWND - Low Level Wind DRT to VCT m s - 1

16. RHFL - Relative Humidity at the Freezing Level %

17. PCNTRN - Percent of Stations Reporting Rain %

18. AREARN - Average Rainfall in.
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TTI = (T850 + TD850) - (2(T500)) (1)

where T850 is the temperature at 850 mb, TD850 is the 850 mb dewpoint,

and T500 is the 500 mb temperature. All values were in 'C. Once the

TTI was computed for each station an average was taken to represent

the area.

d. Convergence, vertical motion, vorticity, and moisture advection

Convergence, vertical motion, vorticity, and moisture advection

were derived using a modified Bellamy (1949) technique. Details of

the procedure are provided in Appendix A.

e. Precipitation data

The average &real precipitation values (ARARN,) +,ere obtained

by totaling the amount of precipitation reported in eacn 24-h period

and dividing by the number of stations reporting. Percentage of

stations reporting rain (PCNTRN) was the percent of the total number

o stations reporting which reported precipitation. The stations

vwere uniformly distributed over- the ayea by initial selection.

- ..J
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4. Analysis

a. Case selection and synoptic analysis

A review of the National Oceanographic and Atmospheric Administra-

tion Storm Data publication was made for the months April through June

for the years 1973 through 1980 inclusive. Sixteen cases of flash

flooding, occurring in the drainage basin of the Edwards Aquifer, were

selected for case study (see Table 4). They were very nearly evenly

divided by month of occurrence with six occurring in April and five in

both May and June. Annual distribution was also somewhat evenly dis-

tributed with one event reported in 1973, two in 1975, one in 1976,

three in 1977, two in 1978, four in 1979, and three in 1980. There

were no reported cases in 1974. With the notable exceptions of Bell

dnd Bexar Counties, the flash flooding events showed fairly even

geographical distribution.

Bell County had seven events and Bexar County reported five while

Caldwell, Coina,, Kerr, and Travis Counties eacn had two events.

Bastrop., Burnet, Guadalupe, Kendall, and Lampasas Counties reported

cne event each (see Fig. 7). Diurnal distribution of the occurrence

f f ash flooding events was evenly distributed with the only tin,;

periods not experiencing an event being between 0800 and 1,'00 MT, and

from 1600 until 1800 GMT (see Fig. 8). A synoptic analysis was accom-

plished for four levels: surface, 850 mb, 700 mb, and 500 mb, and

for three time periods: 12, 24, and 35 h prior to the flash flood-

ing events. The National Weather Service analysis was used both

to insure against the investigator introducing a bias, and because it



19

T I

4+44

Fig.T T' Ceg-hzl~c Ti. -

of TL+ 1,t.ee:

by~--- +o--. ,H.'

1. . c .... .... r .... . ~l ~ ~ . C ' ~ L

Fig er. Geogaphica locto . t t'm-



20

0

2.2 02
3 3

20 101

2 2

is___________ 06

01

162

14

12

Fig. 8. Diurnal distribution of flash

flooding events (GIG). Number

of floods in 2 h periods.



21

was felt that the charts would be an integral part of any forecast

technique which evolved from this study and the user should not be

required to reanalyze charts prior to implementing the technique.

Personal observation of flash flooding events in this area and a

preliminary analysis of the data led to the hypothesis of a frontal

model for flash flooding. The flooding events were hypothesized to

be associated with synoptic scale rainfall triggered by a northwest-

southeast oriented cold front. The front should enter the northwest-

ern portion of the state and move steadily southeastward through the

study area. Ahead of the frontal system would be moist southeasterly

flow from the surface through 700 mb with increasing upward vertical

motion throughout the period. It soon became apparent that the fron-

tal model would not verify. Only five of the cases studied had a

frontal system in the area within 12 h of the occurrence of flooding.

With a frontal syste-m entering Texas every thrfee or four days durinq

the spring months April through June the chances of a flash flood

being associated with a frontal system were no better than the overali

probability of a frontal system being in the area. An analysis of

the five cases with frontal systems also dispelled the models favored

orientation and movement of the front. Of the five fronts only two

were dCt'iVe cold fronts. The remaining three were stationary (see

Fig. 9).

A synoptic analysis of each event was conducted at four levels:

surface, 850 mb, 700 mb, and 500 mb, and for three time periods: 12 h,

24 h, and 36 h prior to the occurrence of flash flooding. The analysis

included frontal systems, pressure centers, surface pressures, pressure

gI-I . ...



22

Fig.~~~~~~~~~1 9.Y Fr80 ytn soite ihfahfodn
events.~~~~~~~~~~ OfN 75 ite aessu dol iv a rna

Fyti. th. Frotyar wistein 12oiae h oth fladin eveodng



23

heights, and winds at each level. The analysis failed to provide

support for the model as height and pressure patterns and wind speed

and direction changes occurred in an apparently random fashion.

An analysis of radar facsimile charts and the data on the per-

cent of stations reporting rainfall during a flood event provided

strong evidence that each flood event was a result of convective

rainfall and occurred within a synoptic scale rainfall area. The

percent of stations reporting rainfall ranged from 50 tc 98.8%. An

analysis of antecedent rainfall conditions provided useful informa-

tion. For 48 h prior to each flooding event rainfall was reported

and, w..ith only one exception, the rainfall occurring in the period

24 h prior to the event was greater than that reported 48 h prior to

the event (see Table 6). The average area rainfall reported during

the 24-h period when flash flooding occurred ranged from 0.207 to

l.l171 in.

b. Statistical analysis

A statistical analysis of stability indices, moisture conver-

gence, vertical motion, and vorticity was conducted (see Table 5 fur

t list of elerients). The first phase of the analysis was to study

the siqn and rod'nitude of the various elements at 12, 24, and 36 h

prior to th2 flooding events. Results of this phase of the analysis

were disappointing. The stability indices and moaisture content

indicators showed a Fair correlation and reasonable values; however,

the dynamic elements, vorticity, convergence, and vertical motion,

exhibited erratic sign and magnitude fluctuations. After failing to

. . .. . .. . . .. .. - lima III l........ . . .. . .. .
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TABLE 6. Antecedent rainfall conditions. Twenty four hour average

areal rainfall over the study area 24 h and 48 h prior to

each studied flooding event.

Rain 24 h Prior Rain 48 h Prior

Date (in) (in)

1. 15 April 73 .634 .121

2. 7 flay 75 .177 .093

3. 9 June 75 .247 .057

4. 5 May 76 .270 .005

5. 13 April 77 .112 .001

6. 14 April 77 .573 .112

7. 9 May 77 .043 .006

8. 10 April 78 .021 .001

S. 6 June 78 .197 .001

10. 13 April 79 .393 .313

U1. 20 Ap.ril 79 .414 .336

12. I June 79 .794 .206

13. 5 June 79 .316 .306

14. 13 May 80 .322 .101

15. 15 Ilay 80 .600 .750

16. 21 June 80 .319 .020
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achieve useful results, an analysis of the change in the elements with

time as they neared the flood event was conducted. The results were

inconclusive. The stability indices and moisture content indicators

provided more realistic results than did the dynamic element-.

Next the 18 elements were examined, using a variety of statistical

analysis computer programs, in an attempt to determine how the elements

related to each other and how they related to average areal rainfall.

Again moisture indicators and stability indices showed much better

correlation than the dynamic elements. However, when the equations

were applied to the 8-year data base they consistently "over forecast"

significant rainfall events and occasionally failed to accurately fore-

cast a flood event. In an attempt to identify the cause of the fore-

cast error the most promising elerents were plotted using average areal

rainfall as the dependent variable (see Fig. 10 for an example). After

analyzing the plcts, the reason 4or the consistent "ov)! forecasting"

of significant rainfall events became apparenz. Througho ut the rance

of independent variables there was a substantial number of days without

significant rainfall and the majority of these days was being forecast

as having sufficient rainfall to produce flash flooding. Several tech-

ni3ues were attempted t, improve the results of the forecast equations.

Each element was plotted and manually examined to find the most promis-

ing elements and to find the most beneficial limits. A variety of data

bases were tried in an attempt to isolate flooding potential days.

Several iterations provided equations with slightly improved reliability;

however, the tenaency to forecast flooding conditions for a large number

of dry days remained a formidable obstacle to the effectiveness of the

equations.
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5. Results and Conclusions

a. Development of forecasting technique

The breakthrough in achieving a useful forecasting technique came

with the combining of regression equations developed during the analysis

phase with the antecedent rainfall data.

Using a data base originating with days when average areal rain-

fall equalled or exceeded 0.2 in, equations to predict flash flooding

potential at 12, 24, and 36 h prior to the event, for each month, were

obtained (see Tables 7 through 9). The range of the individual ele-

fronts was fixed by visual inspection of the plotted data to insure that

ali potential flood events were included. Conveniently, all the ele-

;r.ents used in the equations can either be obtained directly from

'Iticnai Weather Service *facsimile charts or, as in the case of the

tctal totals index, easily calculated from data obtained from the

charts.

The forecast technique is designed for use with 1200 GMT data as

fol o s :

) Calculate average are-il rainfall for the previous 24-h period.

2) Select logic tables corresponding to forecast period and
rr.2fth. I

3) Detertnine current values, from facsimile charts, of the

elements used in the tables.

4) If any one of the elements is outside the ranges specified in

the selected table forecast no flash flood potential for that

period.
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Table 7. Forecast decision table for April. Separate equations,

elements and ranges for 12, 24 and 36 h periods.

12 h Forecast Ranges

Element Min Max

LI No lower bound 4.8

PH20 0.70 No upper bound

RHSFC500 36.0 No upper bound

TOT 35.0 No upper bound

Equation: Fcst = -1.87 + 0.016 (LI) + 0.001345 (PH20) + 0.0154

(RHSFC500) + 0.035 (TOT).

24 h Forecast Ranges
Element Min Max

LI No lower bound 6.5

PH20 0.74 No upper bound

RHSFC500 36.0 Ho upper bound

TOT 40.5 No upper bound
Equation: Fcst = 0.723 - 0.052 (LI) 1.35 (PH?3) + 0.21 (RHSFC500)

+ 0.002144 (TOT).

35 h Fcrecest Ranges

El e,-Pent I.Iin Max

LI No lower bound 4.8

PH20 0.69 No upper bound

RHSFC500 33.0 No upper bound

TOT 34.8 Ho upper bound

Equation: Fcst = -0.065 - 0.05 (LI) 1.14 (PH20) + 0.0224 (RHSFCSO0)

+ 0.0142 (TOT).
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Table 8. Forecast decision table for Mlay. Separate equation, elements

and ranges for 12, 24 and 36 h periods.

12 h Forecast Ranges

Element Min Max

KI 13.25 No upper bound

PH20 .82 No upper bound

TOT 42.5 No upper bound

Equation: Fcst 0.049 + 0.0012 (KI) + 0.0112 (PH20) + 0.009 (TOT).

24 h Forecast Ranges

Element Min Max

LI No lower bound 3.8

KI 10.0 No upper bcund

PH20 0.8 No upper bound

TOT 41.7 No upper bound

Equation: Fcst = 0.83 - 0.02 (LI) + 0.013 (KI) - 0.3 (PH20) - 0.0043

(TOT).

36 h Forecast Raiges

El einent Min Max

LI No lower bound 0.5

PH20 0.7 No upper bound

TOT 37.3 No upper bound

Equation: Fcst = 0.761 - 0.03 (L) - 0.2 (PH20) - 0.092 (TOT).
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Table 9. Forecast decision table for June. Separate equations,

elements and ranges for 12, 24 and 36 h periods.

12 h Forecast Ranges

Element Min Max

KI 19.0 No upper bound

PH20 1.2 No upper bound

RHSFC500 46.5 No upper bound

Equation: Fcst -0.235 + 0.023 (KI)- 0.011 (PH20) + 0.002 (RHSFC500).

24 h Forecast Ranges

Element Min Max

KI 18.2 No upper bound

PH20 1.2 No upper bound

RHSFC500 49.0 No upper bound

Equation: Fcst -0.92 + 0.005 (KI) + 0.71 (PH20) + 0.004 (RHSFC500).

36 h Forecast Ranges

El en.en t Min Max

KI 17.2 No upper bound

PH20 1.2 No upper bound

RHSFC500 44.6 No upper bcund

Equation: Fcst= 0.520 + 0.012 (KI) - 0.135.(PH20) + 0.01 (RHSFC500).



31

5) Examine the average areal rainfall for the preceeding 24 h.

and the average area] rainfall for the period from 24 to

48 h prior. If either report is 0.00 in forecast no flood

potential for 12 and 24 h. If the average areal rainfall

for the past 24 h is 0.00 in forecast no flood potential

prior to 36 h.

6) If all elements fall within the specified ranges of the

table and the antecedent rainfall conditions of' b) above

do not eliminate flood potential, use the current values

of the appropriate elements in the 12-, 24-, and 36-h fore-

cast equations. If an equation yields a result less than

0.2 in forecast no flash flooding potential for that period.

If the equation yields a result greater than 0.2 in proceed

to 7).

7) (0) if both the 24- and 48-h antecedent rainfall amlouints are

greater than 0.50 in forecast flash flooding potential by

the end of -the forecast period.

(2) If the antecedent rainfall amounts show an increase over

the past 48 h, forecast -flaSh flooding potential by the end

of the forecast period.

(3) If the antecedent rainfall amounts show a decrease over

the past 48 h, forecast no flash flood potential for the fore-

cast period.

In the 16 flash flood cases studied an average areal rainfall of

0.2 in was the least amount reported for the 24-h period in which

flooding occurred. This value was therefore used as a lower bound for
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forecasting flash flood potential.

b. Validation of technique tested against 8-year data base

When tested against the 8-year data base the technique showed

promising results. Forecasts were verified in the following manner:

1) If a forecast for flood potential was made and the reported

average areal rainfall was equal to or greater than 0.2 in

the forecast was counted as valid.

2) if a forecast of no flood potential was made and areal rain-

fall was less than 0.2 in the forecast was counted as correct.

3) if a forecast of no flash flood potential was made due to an

antecedent rainfall of 0.00 being reported (see Para. 5.a.5)

and 0.2 in or more areal rainfall was reported but no flood-

ing occurred the forecast was counted as correct.

4) If a forecast of no flash flood Potential was made for any

reason other than a zero rainfall antecedent cond-'tion and

wore than 0.2 in of areal rainfall was reported the forecast

was considered incorrect.

5) If1 a forecast of flood potential was made and less than 0.2 in

of areal rainfall was reported the forecast was considered

i ocorreCt.

Using this technique every instance of actual flooding was

accurately forecast; however, the technique continued to over fore-

cast flood potential. A large part of the error was the result of

the technique forecasting flooding 24 to 36 h prior to its occurrence.
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Although this characteristic reduces skill score it is a highly

desirable trait in that it provides adequ,te lead time for persons

engaged in weather modification programs. A 12-, 24-, and 36-h fore-

cast was made for each day of the 8-year data base.

Using a straight percentage of correct forecasts versus the total

number of forecasts made, the technique yielded o high of 89.7% for

the June 12-h forecast, and a low of 70% for the May 36-h forecast.

Using a skill score equation, defined in Fig. 'I, the resu;Ls ranged

from a low of 0.387 for the May 36-h forecast to a high of 0.727 for

the June 12-h forecast.

b. Verification of technique against 1981 floods (independent data)

Three flcoding events which occurred in Spring 1981 were used as

a realtime test for the technique. The technique results were ther

compared with the National Weather Service Quantitative Poten ti"

Rainfall Forecast (QPF) gl'dance.

The first of the three cases selected occurred on the evening

of the 22nd of April and the morning of the 23rd. High winds,

darmaging hail. heav,' rains, and flash flooding swept across Texas

from Del Rio to Beaumont.

By usirq the appropriate facsimile charts and available rainfall

data, a table of required values was contracted (kee Table 10).
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Accuracy Matrix

Forecast

Yes No

c Yes a b
c

r No d
e
d

a = number of times flash flooding potential rainfall amount was

forecast and occurred.

b = number of times flash flooding potential rainfall amount was

forecast not to occur but occurred.

c = number of tines flash flooding potential rainfall amount wa'

forecast and did not occur.

d = n,. ber of times flash flooding potential rainfali ainouat was

forecast not to occur and did not occur.

Skill Score Equation

SS = F-RT-R

where F = (a + d) = total number of correct forecasts.

T = (a + b + c + d) total number of forecasts.

R = (a + b)(a + c) + (c + d)(b + d) = number of times correct
T

forecast could have been made as a result of random chance.

Fig. 11. Technique for determining skill score of flash flood
forecasting technique when applied to the 8-year data base.
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Table 10. Data calculated for forecast technique test of April 1981

flooding events.

DATE

19 20 21 22 23 24

Element

LI 2 0 -2 1 7.3

PH20 0.7 0.8 1.1 1.1 0.9

RHSFC500 32 41 53 57 60

TTI 40 43 45 43 42

AREARN 0.127 0.058 0.148 0.385 1.300 0.128

Beginning the test on the morning of the 20th, all variables were with-

in the range prescribed in Table 7, and since neither the average areal

rair.fall amourt on the 79th or the 20th was 0.00 in the valups of the

elements were used in the 12-, 24-, and 36-h forecast equations. The

12-h equatiorn yielded a result of 0.056 in; therefore, as the value was

less thin 0.2 in a forecast of no flash flood potential for the next

12 h was made. The 24-h forecast. equation yielded a value of 0.486 in

which would indicate a significant rainfall; however, the antecedent

rairfall conditionis for the 19th and 20th revealed a decrease in amount

oF areal rainfall, therefore the forecast of 24 h was for no flash flood

potentidl. The 36-h forecast followed the 12-h pattern and no flash

flood potential was forecast for 36 h.

The next forecast was made on the morning of the 21st. Again all

elements fell within the prescribed ranges and this time all three
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equations yielded results greater than 0.2 in. The antecedent rainfall

conditions, then under consideration, were those of the 20th and the

21st. As neither of the two was 0.00 in and the 48-h tendency showed

an increase in rainfall amount, a forecast for potential flash flooding

was made for all three time categories.

The forecasts for the morning of the 23rd and the 24th also satis-

fied all the conditions for a forecast of flash flooding potential for

all three time categories.

Forecasts of flash flood potential ended on the morning of the

24th. Although all elements remained within the prescribed ranges and

all three equations resulted in a forecast of greater than 0.2 in of

rainfall, the sharp decline in reported rainfall amount called for a

forecast of no flood potential to be issued. Figure 12 illustrates the

forecasting technique result compared to actual flooding and to QPF

guidance.

Date/Thre (GM1T) 20!1200 21 1200 22h1200 23,1200 241/1200 25,(1200

Forecast T---=K OO

Actual Flooding xxx x
QP F -

T time technique first indicated flood potential

L-c1J Time .

Forecast

Actual Flooding = xxxxxxx

QPF =

Fig. 12. Forecast technique results compared to actual flooding

and QPF guidance for the April 1981 case using 1200 GMT data.
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In this case the technique provides excellent decision assistance

to the user engaged in weather modification and is superior to QPF

guidance. The 21/1200 GMT 12-h forecast indicated flash flooding

potential by the end of the period as did the 24-h and 36-h forecasts.

Significant rainfall in the area preceeded flooding by three to four

hours. Flooding began at 23/0800 GMT and was last reported at 23/1730

GMT. The flash flood forecasting technique began forecasting flood

potential slightly more than 24 h in advance of the occurrence of

flooding. In practice this would be ideal lead time for those engaged

in weather modification. The technique continued to forecast flood

potential until the 24/1200 GMT forecast or approximately 12 h after

flooding had ended. Here the extended period clearly assists the

weather modifier who has no wish to have the operation associated with

the flash flood event.

QPF guidance suggested flash flood potential for a 12-h r.eriod

ending 24 h prior to the time when flooding began, and again for a

6-h period from 23/1800 GMT to 24/0000 GMT beginning 30 minutes after

flooding had ended.

The second and third cases tested occurred on 25 and 29 May 1981.

These events were the product of two separate atmospheric systems.

The first event was by far the worst causing 13 deaths and injuring

100 persons in the city of Austin, Texas. Using the same procedure

as in the previous test case a data table was developed for the period

21 through 31 May 1981 (see Table 11).

The first forecast was made for 22 May. All elements were within

assigned ranges; however, on the 21st no rainfall was reported.
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Therefore a forecast of no flood potential was made for the 12- and

24-h periods. The 36-h equation yielded a forecast rainfall value of

.431 in and as the antecedent conditions indicated increasing amounts

of rainfall; a forecast for flash flooding potential in 36 h was made.

On the 23rd and 24th all elements remained within the prescribed

ranges, all equations forecast significant rainfall, and the antecedent

conditions indicated an increase in rainfall amount; therefore a fore-

cast for flash flooding potential was made for all poriods.

On the 25th the elements remained within the prescribed ranges

and all equations indicated significant rainfall; however, the

antecedent rainfall showed a slight decrease from the 24th to the

25th. Normally this would indicate a forecast of no flash flood

potential; however, as both values exceeded 0.5 in, usinq the rule

stated in paragraph 5.a.7, a forecast for flash flooding potendial

wao ade. ihe mcrning of tHe 26th all elements reini 'net] within the

lii.,s and all equations again indicated significant rainfall; however,

with the sharp decline in antecedent rainfall amount over the past 48 h

a forecast of no significant rainfall for all three periods was made.

Or. the 27th KI exceeded the prescribed range for the 12- and 24-h

periods, therefore a forecast of no flash flood potential was made.

Thq 36-h Forecast equation indicated significant rainfall, however, the

most recent antecedent rainfall amount was 0.00 in and a forecast of no

flash flood potential was made. KI continued to exceed the range on

the 28th, and the 12- and 24-h forecasts were once again for no flash

flood potential. The 36-h forecast equation again indicated significant

rainfall and an increase in antecedent conditions caused a forecast for

~'1- -
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flash flood potential to be made. On the 29th and 30th a forecast for

flash flooding potential was made for all periods.

A slight drop in antecedent rainfall conditions on the mornir.g

of the 31st caused a forecast of no flash flooding potential to be

made for all periods.

Figure 13 compares the forecast technique results with actual

flooding and QPF guidance. The 36-h forecast made using 22/1200 GMT

data indicated an areal rainfall of 0.431 in by 24/0000 GMT which

was well above the flash flood lower bound of 0.2 in. Actual flooding

began at 24/0500 GMT; therefore, the technique provided a 36-h warning

and actually came within five hours of predicting the onset of flooding.

21,T22 2324 25 26 27'28 29 30 31--T  ; 2 67 -- )j3

Forecast i T T...-"r

Actual xxxxxx i X)X>

QPF -- I 1--L
_ .,,z, ..

T = tinme forecast technique first indicated flood potential

Lead Time -------

Forecast

ActL-jF;I - xxxxxx

QPF -

Fig. 13. Forecast technique results compared to actual flooding

and QPF guidance for May 1981 flooding events,

The forecast periods are 12-h increments. Flooding continued to be

reported until 25/1300 GPIT; however, the forecast technique called for

a flooding forecast until 26/1300 GMT. QPF guidance issued near
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24/1200 GrIT, seven hours after flooding had begun, indicated the

probability of flooding for the next 24 h. Flooding continued to be

reported for at least one hour beyond the QPF guidance.

The 36-h forecast issued near 28/1200 GMT provided early warning

of the second flood event. The technique continued to forecast flood

potential until 31/1200 GMT. Flooding began at 29/1700 GMT and con-

tinued until 30/2000 GMT. QPF guidance issued near 30/1200 G11T fore-

cast flash flooding potential for a 24-h period ending aL 31/1200 GMT.

Again, as with the first storm, QPF guidance indicated flooding poten-

tial after flooding had begun.

In the three test cases the forecasting technique was superior to

QPF guidance and should prove useful to a variety of customers

interested in flash flood events. Prior to its implementation, however,

a procedure for obtaining average areal rainfall on a real-time basis

must Le devycloped. As all stidied flooding evcrts v.re isso(iated with

synoptic scale convective activity, a technique of estiating rainfall

amounts using radar reports should be appropriate. The area is covered

by radars at Hondo and Stephenville, Texas.
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APPENDIX A

Details of the computation of convergence, vertical motion, vorticity

and moisture advection.

A modified version of the Bellamy (1949) technique was utilized.

The first step in computing convergence in the area was to obtain a

wind component normal to each leg of the triangle (see Figures Al and

A2).

Steps in Computing Normal Wind Component:

(1) Compute u + v vectors at points A, B, C, and D.

Equation used:

u = wind speed x sin (350' - wind direction)

v = wind speed x cos (360' - wind direction)

(2) Add u components at A and B and take average for u.

Add v components in the sar-e order for v. Repeat process

for u and v components at C and D.

(3) Add u component over DRT to u component over SEP and take

the average for . Repeat the process for -. 4

(4) Normalize U and V to triangle wall and add them together for

normal wind w.

Equation used:

w tr x sin (wind direction - wall orientation)

+ x sin (wind direction - wall orientation).

The wind direction for u will always be 2700, and the wind

direction for V will always be 360'.
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Sign convention.

u +

270

180

Orientation of t; iangle
walls with respect to the

direction from which the

220 16 wind is

100 280€

Fig. Al. Sign convention and orientation of the sIdes

of the triangle used to calculate Convergence, Vorticity

and Advection useing a modified Bellamy technique.
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500 mb

2500 m

1500 in

DRT VCT

Fit. A2. N1ormal wind component throaigh the

DRT-SEP wall surface to 650 mb.
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The surface to 850 mb wind component normal to the wall between Del Rio

and Victoria (DVWND) was used as a separate element in the analysis.

The next step in computing convergence was to repeat the above

process to obtain a normal wind component for the other two walls of

the triangle. The volume of air through each wall was then obtained

by multiplying each normal wind vector by the area of the respective

triangle wall. A one second time step was used thus producing the

volume of air passing through the wall in one second. Changes in

terrain were considered in this calculation (see Table I through 3

and Figures 4 through 6 for determination of these areas).

Adding the three volumes thus obtained provided the convergence

in the triangle from the surface to 850 mb. The same procedure was

used to calculate the volume of air between 850 mb and 700 rob. At

this level the area of each wall was calculated by multiplying the

distance between the stations by 1500 rn. A distancE .f 1500 ri r,-

presents an average thickness from 850 mb to 700 nib for the area at

this time of year. To calculate convergence at this level the con-

vergence from the layer below was included.

C2 = V1 + V2 * V3 + C 1

where C2 is the convergence in the layer from 850 mb to 700 nrb, VI,

V2 and V3 represents the volumes of air transported through the three

walls of the triangle in this layer, and C, is the surface to 850 mb

convergence.

Convergence. in the 700 mb to 500 mb layer was calculated using the

same procedure and adding C2 to the sum of the volumes. Areas at this
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level were obtained by multiplying the distance between the stations

by 2500 m. Again this is a calculated average thickness for the level.

Vertical motion was computed in the layer from the surface to

850 mb level by dividing the convergence in that layer by the area

of the triangle (see Table 2). It was assumed that any convergence

in this layer must escape by passing vertically through the 850 mb

level. It was assumed that the air would rise uniformly over the area.

VMSFC - 850 = ConVSFC - 850 + Cony 850-700) t Area

Computation of the vertical component of vorticity was accomplished

using the equation C = CA + CB + 'C where CA was the partial vertical

component of the vorticity at one of the corners and was computed

from the equation:

VA'A: cos ( C A
CA h A C B A

where VA is the wind speed in m s-, reported at point A, HA is the

heig7ht of the triangle with A at the apex and CB at the base. SCB

is the asmlth of the leg of the triangle opposite point A. All

asmiths were taken in a counterclockwise direction and counterclock-

v1ise vorticity was considered to be positive. WDA is the reported

wind direction at A. -- VA cos ( CB- WDA) converts the reported wind

to that comporent of the wind parallel to the opposite side of the

triangle and insures the proper sign (see Fig. A3).
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A

CB
acB -2800

VA

V,. wind velocity at A

h =h-qht of triany-ie

- orientation of CB

WD A = %i-!d %direction at A

C A+ C+ r

Fig. A3. Computation of the vertical component of relative
vorticity using a modified Bellamy (1949) technique.
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Ex: Wind at A 030/20

8CB : 2800 WOA 03QO and BCB-WDA 2500

0300

700
'.C

100 0 ---- B

280"

The projection of the wind on the BC leg of the triangle would be -20

cos (70). As cos 70' is positive the resultant vorticity value would

be negative which is clearly incorrect. The CB azimuth is used to

correct this sign error. Recall cos 70' = - cos 250'. The negative

value of cos 2500, when multiplied with the negative of the wind

speed in the equation yields the proper sign for vorticity.

Similarly the vertical component of vorticity was computed for

points C, and C. Adding the three values produced a vorticity value

for, the level. The vertical component of vorticity was computed for

the 85U, 700 and 500 mb levels.

Moisture advection in the triangle was computed by adding the

moisture advection at each wall to the moisture advection at the top

of the triangle volume. Moisture advection at each wall was computed

using the following equation:

' -' " . .' -.. . . . . -. . . . . ... . .. . . . . . . ..



Moisture advection through one wall = volume of air through wall X

average density for layer X average mixing ratio for the wall.

The volume data, calculated earlier in determining convergence, was

multiplied by an average density to give the mass transport through

each wal I.

Average density values were developed for each layer. A value

of 1.1 Kg m-3 was used for the surface to 850 mb layer, 0.96 KcQ m- 3

was used for the 850-700 nib layer, 0.77 Kg m-r was used for the 700-.

500 mb layer and 0.70 Kg m- 7 was used for the volume at 500 rob.

Computinq the average mixing ratio for each wall invol;vEd several

steps as tile moisture at each level was expressed as relative humidity.

First saturation vapor press (es) was calculated for' each point LUsina

the following equation:

7. 5t
= 6.! x 0 237.2 + t

where t is in C'.

Vapor pressure was calculated using:

RH x es

e 100

where RH is the relative humidity at each point.

In 1979 and 1980 relative humidity values were not available and

were computed using the equation:
(a)(td)

( b+t
RH - e 6.11 x 10 d

e(a)(tes611 lO (a)+t
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where a is a constant 7.5, and b is a constant 237.2. The dewpoint

depression is td and t is the temperature in C. The mixing ratio

(w) was then computed using:

622 e
p - es

where p is pressure expressed in millibars. An average mixing ratio

was then obtained for each wall using the same procedure described

earlier for obtaining an average wind component for each wall.

Moisture advection through the top of the triangular volume was

determined by multiplying the average mixing ratio at 500 mb, an
3

average density at 500 mb (0.70 Kq m- ), and the net convergence of

the three layers.

H20TOP = w500 x 0.7 x net convergence

The surface to 850 mb moisture advection between Del Rio and Victoria

(0120) was used as a separate element in the analysis.

.......... .. ." *1 z i . '-_. ..._ ..: .. ...I.
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